Tourette Syndrome (TS) is characterized by the presence of chronic tics. Individuals with TS 40 often report difficulty with ignoring (habituating to) tactile sensations and some patients 41 perceive that this contributes to a "premonitory urge" to tic. While common, the 42 physiological basis of impaired tactile processing in TS, and indeed tics themselves, remain 43 poorly understood. It has been well established that GABAergic processing plays an 44 important role in shaping the neurophysiological response to tactile stimulation. Further, 45 there are multiple lines of evidence suggesting that a deficit in GABAergic transmission may 46 contribute to symptoms found in TS. In this study, GABA-edited MRS was combined with a 47 battery of vibrotactile tasks to investigate the role of GABA and atypical sensory processing 48 in children with TS. Our results show reduced primary sensorimotor (SM1) GABA 49 concentration in children with TS compared to healthy controls (HC), as well as patterns of 50 impaired performance on tactile detection and adaptation tasks, consistent with altered 51 GABAergic function. Moreover, in children with TS, SM1 GABA concentration correlated 52 with motor tic severity, linking the core feature of TS directly to in vivo brain 53 neurochemistry. There was an absence of the typical correlation between GABA and 54 frequency discrimination performance in TS as was seen in HC. These data show that 55 reduced GABA concentration in TS may contribute to both motor tics and sensory 56 impairments in children with TS. Understanding the mechanisms of altered sensory 57 processing in TS may provide a foundation for novel interventions to alleviate these 58 symptoms.
Introduction 63
Tourette Syndrome (TS) is a neurodevelopmental disorder characterized by the presence of 64 chronic tics. However, it has long been recognized that individuals with TS often report Boards. 138 Inclusion and exclusion criteria: Diagnosis of TS was based on methods used successfully by 139 the TSA Genetics Consortium, i.e. subject self-report measures supplemented by examination 140 and review by an experienced clinician (HSS or SHM). Self-report on the Yale Global Tic 141 Severity Scale (YGTSS) required at least moderate tic severity determined by a minimum 142 total score of > 14 for both motor and vocal tics or > 10 if motor or vocal tics only and was 143 acquired in the week prior to the visit. For the TS group, mean Yale tic severity scores were 144 13 (motor) and 6.64 (vocal) respectively and 37.28 for global tic severity. 145 None of the participants had (a) a history of neurological disorders other than TS, (b) 146 presence of a severe chronic medical disorder, (c) presence of visual impairment, (d) history 147 of alcohol or substance abuse, (e) history of autism. Children with conduct disorder, 148 childhood schizophrenia or psychosis, major depression, or bipolar disorder were excluded. 149 The Diagnostic Interview for Children and Adolescents -Fourth Edition (DICA-IV) was used 150 to confirm comorbid diagnoses of ADHD (48%), Obsessive Compulsive Disorder (28%), 151 Specific Phobia (20%), Generalized Anxiety Disorder (8%), and Oppositional Defiant 152 Disorder (8%) among the TS cohort (Reich 2000) . Psychotropic medication was allowed and 153 children who were prescribed stimulant medication (24%) were allowed to take their 154 medication as prescribed. Current medications for the TS cohort included stimulant 155 medication (n=6), Guanfacine (n=1), Alprazolam (n=1), and Sertraline (n=1). All children in 156 the HC cohort were free of criteria for psychiatric disorders as assessed using the DICA-IV 157 and none of the children in the HC cohort were prescribed psychoactive medications. 158 Standard intellectual functioning was assessed using the Wechsler Intelligence Scale for 159 Children-Fourth Edition (WISC-IV) (Wechsler 2003) . Children with full-scale IQ scores 160 8 below 80 were excluded from participation. Handedness was evaluated using the Edinburgh 161 Handedness Inventory (Oldfield 1971) . 1/23 TS and 5/67 HC were left-handed. 162 
Behavioral
All children performed a battery of vibrotactile tasks outside the scanner. The 163 procedures have been described in greater detail and visually elsewhere (Puts et al. 2013) . 164 This battery has been shown to be suitable for children and was acquired in 30 -40 minutes 165 (with a break half-way).
166
A CM4 four-digit tactile stimulator (Cortical Metrics) was used for vibrotactile stimulation 167 (Holden et al. 2012) . Stimuli were delivered to the glabrous skin of left digit 2 (LD2) and 168 digit 3 (LD3) and all stimuli were presented within the flutter range (0-50 Hz) using 169 sinusoidal stimuli. Visual feedback, task responses, and data collection was performed on an 170 Acer Onebook Netbook computer, running Cortical Metrics software (Holden et al. 2012) . 171 The vibrotactile testing battery consisted of eight tests divided into four tasks each with two 172 conditions:
173
(1) Simple and choice reaction time. In these tasks, participants were asked to press a button 174 as soon as they felt a supra-treshold vibrotactile stimulus (25 Hz, 300 µm, 40 ms) in the 175 choice task, they had to indicate stimulus location as well (inter-trial interval, ITI 3s; 20 176 trials). These tasks were performed to judge attention and task-compliance. For each 177 participant, reaction times were sorted (correct trials only in the choice condition) and a 178 truncated mean was calculated by averaging the median 6 values (to exclude the effect of 179 extreme outliers on mean RT).
180
(2) Static and dynamic detection threshold. In the static task, in each trial a weak stimulus 181 (starting amplitude 25 µm, 25 Hz, 500 ms) was applied to either LD3 or LD3 and participants 182 were asked to indicate on which finger the stimulus was applied (ITI = 5 s; 24 trials).
183
Stimulus level was decreased for the next trial when a correct answer was given and 184 9 increased when a wrong answer was given, using stepwise tracking (details can be found 185 here (Puts et al. 2013; Puts et al. 2014) ). In the dynamic task, stimulus amplitude started at 186 zero after a variable delay (0-2500 ms) and increased with 2 microns per second (ITI 10 s; 7 187 trials). Participants were asked to press a button when the stimulus was perceived. Feed-188 forward inhibition is crucial in sensory perception, and by contrasting static and dynamic 189 detection threshold, the extent of feed-forward inhibition can be probed.
190
(3) Amplitude discrimination without adaptation ('baseline') and with single-site adaptation.
191
In the baseline condition, two stimuli ( were told to ignore. The effect of adaption was calculated as the percentage difference 199 between the threshold in the single-site adaptation task and the baseline no-adaptation task
200
(Adapt-Base)/Base*100).
201
(4) Sequential and simultaneous frequency discrimination. In these tasks, two stimuli with the 202 same amplitude but varying frequency (both 500 ms; 200 µm; standard stimulus frequency 30 203 Hz; comparison stimulus starting frequency 40 Hz) were applied (either sequentially or 204 simultaneously) on LD2 and LD3 (ITI 5 s; 20 trials). Participants were asked to judge which 205 of the two stimuli had higher frequency. The frequency difference between the two stimuli 206 was decreased for the next trial when a correct answer was given and increased when a wrong 207 answer was given, using stepwise tracking. and body coil for transmit), were acquired from a voxel (3 cm) 3 placed on the right 211 sensorimotor cortex (SM1; as tactile stimulation was performed on the left hand) and was 212 centered on the central sulcus posterior to the hand-knob (Yousry et al. 1997) in the axial 213 plane ( Fig 1A) . The voxel was rotated to align with the cortical surface by rotating in the Mann Whitney U test. It is a concern that children with TS might move more during scans, 
Results

257
Behavioral (Table 1) shows group average thresholds for each group, statistical analysis 258 between conditions within a task, and between cohorts. As some participants were excluded 259 due to poor compliance or poor task comprehension, participant numbers are also shown.
260
There was no effect of diagnosis on reaction time, and no significant difference for both 261 simple and choice reaction time between HC and TS. Across both diagnostic groups, there 262 was a significant effect of condition with choice reaction time being significantly slower for 263 both cohorts (p < 0.001 Fig 2A) .
264
For the detection threshold tasks there was a significant effect of diagnosis (p < 0.05), a near 265 significant effect of condition (p = 0.06), but no significant interaction of diagnosis and 266 condition (p = 0.4). Post-hoc analysis showed that, as has been found in healthy populations 267 of adults and children (Puts et al. 2013; Zhang et al. 2011) , for the HC group, dynamic 268 detection threshold was significantly higher as compared with the static detection threshold (p 269 < 0.001); however, no such effect was observed in children with TS (p = 0.35). Static 270 detection threshold was significantly higher for TS than for HC (p < 0.05), but there were no 271 significant differences in dynamic detection (p = 0.31, Fig 2B) . Consequently, the percentage 272 change between the static and dynamic conditions was significantly higher in HC than in 273 children with TS (p < 0.001).
274
For the amplitude discrimination tasks there was a significant effect of diagnosis (p < 0.05), a 275 near significant effect of condition (p = 0.07), and a near significant interaction between 276 diagnosis and condition (p = 0.08). Post-hoc analysis showed that, as has been found in 277 healthy populations of adults and children (Puts et al. 2013; Tannan et al. 2007 ), for HC, 278 group discrimination threshold was significantly higher during the adaptation condition as 279 compared to the 'baseline' amplitude discrimination condition (p < 0.001); however, no such 280 effect was observed in children with TS (p = 0.78; Fig 2C) . There were no significant 281 13 differences in baseline amplitude discrimination threshold between HC and TS, but threshold 282 in the adaptation condition was higher in HC than in TS (p = 0.012).
283
For the frequency discrimination tasks, there was a significant effect of diagnosis (p = 0.017) 284 but no effect of condition (p > 0.5) and no significant interaction between diagnosis and 285 condition (p = 0.4). Post-hoc analysis did not show significant differences between groups in 286 either condition. However, whereas for the HC there was no significant difference in 287 discrimination threshold for the simultaneous and sequential conditions (p = 0.07) the TS 288 children showed significantly lower threshold in the sequential condition as compared with 289 the simultaneous condition (p = 0.02, Fig 2D) .
290
Given the high comorbidity for ADHD, preliminary analyses were also performed between 291 those TS subjects with (11 children) and without ADHD (12 children) using Student's T-292 tests. No significant differences were found for any of the tasks.
293
GABA MRS Data for 6/19 TS (including 1 female) and 1 HC participants were excluded 294 due to excessive motion and no GABA peak could be identified. (Fig 1B) shows spectra 295 from all HC and 13 TS participants. GABA concentration relative to the unsuppressed water 296 signal in the right sensorimotor cortex in children with TS was significantly lower than for 297 HC ( Fig 1C, the scan) showed that GABA levels in TS remained lower compared to HC (p = 0.04). To 306 ensure the decreased GABA concentration was not due to a net decrease across all 307 metabolites, GABA levels across all transients were also expressed against Creatine; findings 308 remained consistent, with a significant effect of diagnosis (HC; GABA/Cr = 0.13 ± 0.019,
309
TS; GABA/Cr = 0.12 ± 0.018; p = 0.025). Non-parametric testing of group differences to 310 account for difference in variability between groups also showed a significant reduction in TS 311 for GABA quantified to unsuppressed water (Z = -3.209, p = 0.0014) and GABA quantified 312 against Creatine (Z = -2.048, p = 0.041). Finally, secondary analysis on only those TS 313 participants not on medication (to exclude an effect of medication) also revealed reduced 314 GABA levels as compared with HC children (p < 0.0001).
315
Correlation of MRS GABA with diagnostic/behavioral measures In children with TS, right 316 SM1 GABA concentration correlated strongly and significantly (r = -0.55, p = 0.011) with 317 motor tic severity (but not vocal or global tic severity), with lower GABA concentration 318 associated with greater motor tic severity ( Fig 3A) . Motor tic severity correlated with vocal 319 (R = 0.41) and overall tic severity (R = 0.5). In HC, right hemisphere SM1 GABA 320 concentration correlated significantly with sequential frequency discrimination performed on 321 the left hand (r = -0.58, p < 0.01, replicating the results seen before(Puts et al. 2011)). In HC 322 SM1 GABA concentration also correlated with the effect of adaptation (as expressed as the 323 percentage difference between 'baseline' amplitude discrimination and adaptation (r = -0.44, 324 p = 0.03). This means that higher GABA concentration is associated with better frequency 325 discrimination, but with a smaller effect of adaptation. These correlations were absent in 326 children with TS ( Fig 3B-C) . To our knowledge, this is the first study to measure GABA concentration in TS in vivo, and 329 the first to apply a broad assessment of vibrotactile tasks to test the underlying 330 neurophysiology of tactile (dys)-function in children with TS.
331
Consistent with our hypotheses, we showed reduced SM1 GABA concentration in children GABAergic function may be associated with TS and may contribute to sensory and motor 342 impairments characteristic of TS.
343
Tasks of this length were well tolerated by children aged 8-12 years. Our battery of tasks was 344 developed to be accessible for pediatric cohorts and thus it was decided to limit the number of 345 trials, which necessitated enrolment of larger cohorts (particularly as compared to 346 psychophysical studies where testing on a small number of participants, often including the 347 authors, is normal practice).
348
The observed reduction in sensorimotor MRS GABA concentration is consistent with 349 findings from other modalities suggesting disrupted GABAergic function in TS. While intact in TS ('baseline' amplitude discrimination is normal), adaptive modulation of these 392 signals is not, suggesting inflexibility of the GABAergic system to deal with adjustments to 393 changes in ongoing sensory stimuli. Indeed, the correlation between GABA and the effect of 394 adaptation, observed in our HC cohort, was absent in TS, suggesting that the role of GABA 395 in the adjustment of the somatosensory system to ongoing stimuli is altered. This may be 396 linked to an inability of children with TS to adapt to sensory stimulation and needs further 397 inquiry.
398
Our brain-behavior correlation findings provide additional insights into how GABAergic 399 dysfunction may contribute to the motor and sensory manifestations of TS. We found a 400 negative correlation between SM1 GABA concentration and motor tic severity, linking the common underlying mechanism, and it remains to be investigated whether the GABAergic 412 dysfunction shown here is a primary or secondary effect in TS.
413
Interestingly, the correlation with SM1 GABA was specific to motor tic severity, as no 414 correlations of SM1 GABA with either global or vocal tic severity were observed. This may 415 be due to regional specificity of MRS GABA measurement, as the voxel was centered over 416 the hand-knob region and is therefore more likely to reflect limb, rather than oral/vocal,
417
(dys)-function. Follow-up studies with additional measurement from more ventral SM1, or 418 regions such as SMA, would help address this question, as well as the localized extent of 419 GABA abnormalities.
420
In HC, we found correlations between GABA and frequency discrimination and between 421 GABA and the effect of adaptation, which are absent in children with TS. The absence of 422 these correlations indicates that the tactile system is anomalous in TS. It is possible that 423 children with TS use different strategies for tactile discrimination that may be less reliant on 424 GABA-driven frequency encoding. These results do follow the pattern predicted by reduced 425 GABA. However, it would be naïve to assume that our measurements of GABA using MRS show increased performance. Thus, mixed observations of decreases and increases in 432 GABA-related task outcomes can both support abnormal GABAergic processing in TS.
433
While lateral inhibitory connections appear intact in TS, the absence of a correlation between 434 GABA and adaptation suggests that GABA-driven adjustments in cortical processing due to 435 changes in sensation are impaired. The latter may be closely linked to poor habituation in TS.
436
Interestingly, GABA is negatively associated with adaptation effects in HC which may be 437 counterintuitive, especially considering that TS do not show adaptation, yet have lower 438 GABA levels. These data in healthy brains suggests that more GABA leads to less flexibility 439 of a system to alter its response. It is thought that long-term cortical plasticity (on the order of 440 minutes to days) requires a reduction in the stabilizing effect of GABAergic processes, and 441 that temporal changes in cortical processing occur as a result of a period of reduced 442 GABAergic control. In the context of this picture, the extent to which discrimination It is possible that the vibrotactile differences we see in TS occur independent from the GABA 452 changes we observe. However, given the strong focus on GABAergic function in both MRS 453 and behavioral measurements, we maintain that, as a whole, the presented results are measurement of total GABA is acquired from a large region that includes M1 and S1.
462
Although an experiment that separates motor from somatosensory GABA would clearly be 463 desirable, MRS voxels are cuboidal and large and a voxel that contains hand M1 and no S1 464 (or vice versa) is not possible, given the curvature of the central sulcus, and voxels that would 465 contain "just" M1 or S1 would include regions that are neither primary somatosensory nor 466 primary motor. The sensorimotor GABA signal is the sum of motor GABA and 467 somatosensory GABA signals. Variance in both motor and somatosensory GABA 468 concentration will contribute to variance in the total MRS GABA measurement. It is likely 469 that motor and somatosensory GABA co-vary to some degree (for example due to genetic 470 variance), while maintaining some degree of independence (for example, due to 471 experience/training effects and local epigenetic differences In spite of these methodological limitations, it proved possible to observe significant 485 correlations between GABA and somatosensory function in HC and between GABA and tic 486 severity in TS. However, the total GABA measurement is the sum of M1 and S1 GABA, and 487 it is not clear to what extent these are independent variables, either in HC or TS. The absence 488 of a correlation between total GABA and somatosensory function in TS may reflect increased 489 motor GABA variance (which drives a correlation with tic severity) which masks a 490 somatosensory correlation. For children with TS, tic severity did not correlate with our 491 measures of somatosensory function, and there is behavioral evidence of somatosensory 492 inhibitory dysfunction, suggesting a separation between motor and somatosensory 493 abnormalities in TS.
495
A further limitation of the study, is that the GABA signal measured is contaminated to the 496 order of 50% by macromolecular signal (MM) (Mescher et al. 1998 ) and is often referred to 497 as GABA+. We recently published on a technique that removes MM signal from the GABA 498 spectra. However, MM-suppressed editing of GABA is more susceptible to frequency drift 499 and motion than the GABA+ method applied here, and was used for this study of TS. whereas HC did. C. There are no differences in baseline amplitude discrimination between 717 HC and TS. An adapting stimulus makes HC significantly worse but this effect is absent in 718 TS. Amplitude discrimination after adaptation is significantly worse for HC. D. There are no 719 main effects in frequency discrimination between TS and HC but TS were significantly better 720 at sequential frequency discrimination compared to simultaneous frequency discrimination,
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whereas this effect is non-significant (although trends) in HC. 
